Abstract:This study proposes an approach for the development of a three dimensional transient heat conduction finite element model (FEM) for grinding process. FEM simulates the temperature field in conventional and nanofluid based environmental friendly minimum quantity lubrication (MQL) grinding process. For this FEM simulation the boundary conditions were obtained on the basis of results of the heat transfer on semi-infinite object with a heat source moving along its surface. Instrumented surface grinding machine was used for experimental purpose. Lubricant used for MQL system was water based nanofluids of various concentrations. Nanoparticles of CuO and Al 2 O 3 were used for preparation of nanofluids. Grinding performance was measured in terms of workpiece surface temperature and cutting force. This model can be used to predict the cooling effectiveness of various lubrication systems. Analysis shows that the FEM temperature values matches with the experimental temperature data.
Introduction
Green manufacturing is part of environmentally friendly machining. Environmental, social and economic aspects are considered in in green manufacturing. Cutting fluid contains environmentally harmful chemical constituents. Unhealthy mist generated during machining operation lead to the respiratory diseases. The disposal of untreated used chemical coolant leads to contamination of surface water and ground water. Another objective of environmental conscious machining is reduction in energy consumption. Since all the energy-generating methods creates the environmental pollution in some way. Grinding is a surface finishing process in which close tolerance, good surface finish is achieved. As Compared to other machining processes the grinding process requires high specific energy in material removal due to large surface contact area between workpiece and tool. This results high temperature at the junction of workpiece and grinding wheel. The effect of high temperature causes thermal damage to work piece. Thermal effects in the work piece are in the form of phase transformation, workpiece burn, undesirable residual stress, reduced fatigue strength and cracks (1) . To reduce high temperature effects effective lubrication and cooling is required. Coolant lubricates the grinding area, reduce thermal damage to the workpiece and transport the chips away from grinding zone. Lubrication and cooling of grinding process had studied by many researchers. Large amount of coolant 5400ml/hr is utilized by conventional systems. These systems creates unhealthy working environment on the shop floor. Cost of recycling of used coolant is very high. Reduction of grinding fluid is achieved by means of two trends one is minimum quantity lubrication (MQL) and another is dry grinding. In dry grinding method workpiece thermal damage takes place. That's why MQL is better alternative to dry and traditional flood grinding. Advantages of dry and flood grinding are integrated in MQL system. Coolant flow rate in the MQL is 10-100ml/hr which is very small in comparison with flood grinding (2) . In MQL system cooling function is provided by compressed air and lubrication function is provided by nanofluids of high thermal conductivity. Water based nanoparticles with compressed air was used as a cooling fluid for MQL system. Surface area to volume ratio of nanoparticles is high so that its heat carrying capacity is high (3). Research on MQL performance for grinding operation indicated that tangential force, normal force, rate of wheel wear was reduced in comparison with convectional cooling. Experimental study on grinding of cast iron by using various nanofluid lubricating mixtures gives positive improvement in surface finish, and G ratio. [4] . Cong Mao et al had reported MQL grinding is more environmental friendly and economic for AISI 52100 steel [5] . Zhang Dongkun et al had calculated specific grinding energy for dry, flood and MQL grinding conditions [6] . There have been various reported studies proposing both experimental and theoretical aspects of heat transfer in MQL grinding. The classic Jaegers model for thermal analysis for grinding operation assumes that amoving heat source of constant intensity along the surface of semi-infinite body (7). Outwater and Shaw [8] assumed that the dissipation of grinding energy takes place at the shear plane. In this model the heat transfer to the workpiece was at the shear plane so that some part of heat was conducted into chips and some part in to the workpiece. Significant work reported on heat transfer modeling techniques of grinding application but many lacks in experimental validation due to temperature measuring technique. Most of the thermal problems in grinding are solved with suitable numerical techniques because they are difficult to solve analytically (9) . By use of numerical models, researcher can predict surface temperature of workpiece without performing tedious experiments. Recently finite element method (FEM) has become important tool for predicting the temperature field of surface grinding process (10) . Therefore, the focus of this work is to compare the grinding surface contact temperatures obtained from validated numerical thermal models to the experimental model. The finite element model takes into account the convective cooling of the workpiece. Thermal model will be used for computing temperatures and heat in dry, MQL, and fluid surface grinding.
Analytical thermal modeling of grinding zone
The major source of heat during grinding is basically from three areas, one from friction between abrasive grain and workpiece, second from friction between abrasive grains and chip, and third from plastic deformation at the shear plane between chip and workpiece. During the MQL grinding heat generated in the grinding zone is transferred into workpiece, grinding wheel, the chip, and the oil mist. In this analysis, it was assumed that heat will be generated at the grinding wheel workpiece interface. Contact length at the grinding zone (lc) can be calculated from (1) Where d s is the diameter of grinding wheel and a is the depth of cut. Heat flux (q) entering the grinding zone can be calculated from equation 2 (2) Where is the heat flux percentage entering in to the workpiece, Vs is the grinding wheel speed, Ft tangential force on the workpiece. Heat flux percentage entering in to the workpiece can be calculated from equation 3 (3) Where Uch is the specific grinding energy required for formation of chips. It is constant for specific workpiece material and its value for all ferrous materials is 13.8 J/mm 3 . U is the total specific grinding energy required for grinding the grinding operation and can be calculated from equation 4 (4) Where V w is the speed of the work, Ft is the tangential force per unit width. Tangential force can be measured during the testing.
Finite Element Modelling

Geometric Modeling
The depth of cut affects the temperature field on the workpiece. For finite element simulation the shape of the heat source zone entering to the workpiece is considered to be circular. Method of discretization is used to study the continuous grinding process. It simplifies the FEM modeling. This is performed by 'time step and sub-step' method. In this method a thin material layer is separated after each time step from the workpiece.
Time step length t is defined as the ratio of the removed workpiece material thickness at each time step to the speed of the worktable. (5) It is clear that the accuracy of the simulation increases with the decrease in the length of time step. The simulation takes longer time for smaller length of time step. For higher simulation accuracy, a smaller time step length is necessary.
Meshing of Workpiece
Simulation time depends upon type of the meshing of components. Dense meshing takes larger time for simulation compared to coarse meshing. Temperature gradient is more near the grinding surface. For better accuracy, meshing should be denser in higher temperature gradient zone. At the bottom of the surface temperature gradient is moderate that's why coarser meshing will save the simulation time.
Workpiece material properties
Thermal properties of workpiece material like specific heat, thermal conductivity and density greatly affect the temperature distribution of the grinding zone. Material properties of workpiece had a complicated dependence on temperature. Grinding temperature is a nonlinear function of the heat flux intensity input to the workpiece. Many researchers in past assumed that either workpiece material properties to be constant or linearly proportional to the temperature. Polynomial interpolation method is used to calculate the values of material properties.
Boundary conditions
Heat source moves on the ground surface of workpiece. The boundary conditions are time dependent due to the motion of heat source. At each time step the heat flux boundary condition is loaded on the circular arc surface. This heat flux along circular arc moves to adjunct circular arc at the next time step. For currant time step condition the simulation results of last time step are used. Convection cooling by coolants is another boundary condition. For wet, MQL grinding, the convection coefficient between ground surface, side surface and unground surface and cooling fluid is used. Very minor heat exchange takes place at the bottom surface of workpiece that's why this surface is treated as adiabatic surface.
Experimentation and Measurements
To test the numerical and analytical results experiments has been conducted on an instrumented surface grinding machine. Lubricant was supplied by MQL system at flow rate of 10ml/min. Average size abrasives are used for of grinding wheel. The grinding wheel is 150mm in diameter and 14 mm in width. Flat plate of EN8 is used for preparation of Work material. The workpiece material size is 8 mm in width and 60 mm in length. Grinding wheel surface speed was set at 30m/s and depth of cut at 10µm. The surface grinding operation was performed at the table speed of 2500mm/min in unidirectional way. The dynamometer had recorded the workpiece tangential and normal force of grinding operation. Thermocouple embedded on a workpiece records temperature of grinding zone. Surface roughness of the ground surface was measured by the use of profilometer. Figure 1 represents three dimensional temperature distribution for dry grinding. The average heat flux to the workpiece during the grinding was 54.43 W/mm 2 . Maximum temperature observed during grinding was 604 0 C. Figure 2 shows the three dimensional temperature distribution for flood grinding. The average heat flux to the workpiece during the grinding was 37.95 W/mm 2 . Maximum temperature observed for flood grinding was 196 0 C. Figure 3 indicates the three dimensional temperature distributions for MQL grinding with 6% Al 2 O 3 nanofluid coolant. The average heat flux to the workpiece during the grinding was 43.50W/mm Figure 5 represents the temperature distribution on the workpiece surface contact for different time steps. At the initial time step workpiece surface temperature is lower and increases as the grinding proceeds. Steady state for transient temperature field was approached after seventh time step. The maximum temperature on workpiece was approached 407 0 C and at a location of 3.2mm from the starting edge of grinding. The surface temperature of workpiece remains constant for the remaining length of grinding. Figure 6 indicates the comparison of maximum temperature on workpiece surface for MQL, dry and flood grinding. 
Results and Discussion
Conclusions
Nanofluid based MQL grinding performance was studied and compared with traditional flood and dry grinding processes for the temperature distribution profiles on the workpiece surface. A numerical 3 D Finite element method was used to simulate the temperature of grinding zone. 3 D Finite element model were validated by using experimental data acquired from thermocouple system. Based on the experimental results and theoretical findings, the following conclusions can be drawn 1. In depth understanding of the grinding process can be realized with the finite element model. Steady state for transient temperature field was approached after seventh time step. The maximum temperature on workpiece was at a location of 3.2mm from the leading edge of workpiece. The surface temperature of workpiece remains constant for the remaining length of grinding. 
